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Edited by Gerrit van MeerAbstract EstA is an outer membrane-anchored esterase from
Pseudomonas aeruginosa. An inactive EstA variant was used
as an anchoring motif for the Escherichia coli cell-surface dis-
play of lipolytic enzymes. Flow cytometry analysis and measure-
ment of lipase activity revealed that Bacillus subtilis lipase LipA,
Fusarium solani pisi cutinase and one of the largest lipases pres-
ently known, namely Serratia marcescens lipase were all eﬃ-
ciently exported by the EstA autotransporter and also retained
their lipolytic activities upon cell surface exposition. EstA pro-
vides a useful tool for surface display of lipases including variant
libraries generated by directed evolution thereby enabling the
identiﬁcation of novel enzymes with interesting biological and
biotechnological ramiﬁcations.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Lipases (E.C. 3.1.1.3) are, by deﬁnition, carboxylesterases
that have the ability to hydrolyze long-chain acylglycerols
(>C10), whereas esterases (E.C. 3.1.1.1) hydrolyze ester sub-
strates with short-chain fatty acids (<C10) [1]. These lipolytic
enzymes represent the most important class of biocatalysts
used for numerous applications in organic chemistry and bio-
technology [2]. Their potential is based on the ability to cata-
lyze not only the hydrolysis but also the synthesis of many
diﬀerent esters, which usually proceeds with high speciﬁcity
and enantioselectivity [2,3]. Therefore, the demand to identify
novel esterases and lipases is rapidly growing [4] and current
approaches include rational design based on known 3D struc-
tures as well as directed evolution [5,6]. Here, random muta-Abbreviations: IPTG, isopropyl b-D-thiogalactopyranoside; FACS,
ﬂuorescence-activated cell sorting
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doi:10.1016/j.febslet.2004.12.087genesis in vitro or in vivo is usually followed by the
expression of the respective enzyme genes in Escherichia coli
or other host strains. However, this approach requires growth
of individual clones and subsequent cell lysis before enzyme
activities can be determined. Preferably, the enzymes should
be secreted into the extracellular medium or be displayed on
the microbial cell surface. Such enzymes are directly accessible
to the respective substrates which no longer have to traverse
the cellular membrane barriers. Furthermore, the enzyme-reac-
tion occurs in a chemically more deﬁned environment as com-
pared to the interior of a microbial cell. Accordingly, several
diﬀerent systems have been described to display enzymes on
the surface of microbial cells [7,8]. In particular, lipases were
displayed on Gram-positive [9] and Gram-negative bacteria
[10], and yeast [11].
Recently, a novel outer membrane-anchored esterase was
discovered in Pseudomonas aeruginosa [12] which belongs
to the GDSL-family of lipolytic enzymes [13]. EstA is an
autotransporter protein which consists of an N-terminal do-
main harboring the catalytic activity and a C-terminal do-
main forming a b-barrel-like structure inserted into the
bacterial outer membrane which mediates the translocation
of the N-terminal domain. The enzymatically active esterase
is anchored to the outer membrane in P. aeruginosa but
also in the heterologous host E. coli indicating that the
membrane insertion does not need strain-speciﬁc factors
[12].
In the present study, we describe the successful cell-surface
display of lipases as fusion proteins to an inactive variant of
EstA (Fig. 1A), where the passenger enzymes retain their
hydrolytic activities after being anchored on the outer surface
of E. coli cells.2. Materials and methods
2.1. Bacterial strains and growth conditions
Escherichia coli strains 71–18 [F lacIq (lacZDM15) proA+B+ D(lac-
proAB) supE thi1] and BL21(DE3) [F ompT hsdSBðrBmB Þ gal dcm
(DE3)] were used as expression hosts. Bacteria were grown at
37 C. The medium used for growth and maintenance of E. coli
strains was dYT (1% yeast extract [w/v], 1.6% bacto tryptone [w/v]
and 0.5% NaCl [w/v]). The inducer isopropyl b-D-thiogalactopyrano-
side (IPTG) was added to liquid media at a ﬁnal concentration of
1 mM. Chloramphenicol was used at a ﬁnal concentration of
25 lg/ml. Lipase indicator plates were prepared as described
elsewhere [14].blished by Elsevier B.V. All rights reserved.
Fig. 1. (A) Schematic drawing of the autotransporter EstA construct used in this study for the display of heterologous passenger domains. EstA
consists of an outer membrane-embedded translocator domain and an extracellular esterase domain. An E-tag epitope sequence (GAPVPYPDP-
LEPR) was introduced at the junction of the EstA extracellular domain and the passenger domain. (B) Schematic representation of the display vector
pEst100 harboring the structural gene estA*. f1, f1 replication origin; cat, chloramphenicol resistance marker; colE1, ColE1 replication origin; estA*,
estA gene with codon #38 serine (according to [12]) to alanine replacement; phoA, gene segment encoding the leader sequence of alkaline
phosphatase, lacP/O: lac promoter/operator region.
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A schematic representation of expression vector pEst100 and addi-
tional sequence information of the construct is given in Fig. 1B.
pEst100 is based on pPrey100, a derivative of pMAC5-8 [15] which
contains the coding sequence for the signal peptide of E. coli alkaline
phosphatase followed by the coding sequence of a linker peptide under
control of the Plac promoter. To introduce the P. aeruginosa estA gene,
the estA coding sequence was PCR-ampliﬁed using the primer pair
Lipase-Bam-up (5 0-CTGCGGATCCTCGGCCTCGGGGGCCCCT-
TCGCCCTATTCGACGCTGGTGG-30) and Lipase-Xba-low (50-GC-
GCTCTAGAGTCAGAAGTCCAGGCTCAGCGC-30). The PCR
product was digested with BamHI and XbaI and ligated into similarly
digested pPrey100 3-prime adjacent to the linker sequence which is
ﬂanked by two SﬁI restriction sites. In a second cloning step using
for 10 cycles the primer pair Lip-new-innen (5 0-AACCGCGTGCCG-
CTTCTGCTCCTTCGCCCTATTCGACGCTGGTGGTGTTCGGC-
GACGCCCTCAGCGATGCCGGGCAG-3 0) and Lipase-Xba-lo, and
for 20 more cycles the PCR primers Lip-new-Bam-up (5-CTGCGGAT-
CCTCGGCCTCGGGGGCCCTGGGTGCGCCGGTACCGTATCC-
AGATCCGCTGGAACCGCGTGCCGCTTCTG-3 0) and Lipase-
Xba-low, the coding sequence for the E-epitope was introduced at
the junction of coding sequence for the linker peptide and EstA,
whereas Lip-new-innen simultaneously replaces codon #38 (serine) of
estA by an alanine codon. Using the SﬁI restriction sites the short lin-
ker sequence was ﬁnally replaced by a spacer sequence from plasmid
pASKInt110 [16] to give pEST100. The complete nucleotide sequences
of pEst100 can be obtained from the annex of the Web version of this
article. pEst100-BSLipA, pEst100-FSCut, and pEst100-SMLip were
constructed by PCR ampliﬁcation of the respective enzyme coding
sequences using the following primer pairs: B. subtilis LipA: Primers
BS-LipA-Sﬁ-up (5 0-GTCCTCGCAACTGCGGCCCAGCCGGCCA-
TGGCTGAACACAATCCAGTCG-3 0) and BS-LipA-Sﬁ-lo (5 0-GC-GTTTCTGGGTGGGCCCCCGAGGCCGAATTCGTATTCTGGC-
CCCCG–30), vector pET22LipA served as the template for PCR
ampliﬁcation. F. solani pisi cutinase: Primers Cutinase-Sﬁ-up
(5 0-GTCCTCGCAACTGCGGCCCAGCCGGCCATGCTGCCTAC-
TTCTAACCCTG–30) and Cutinase-Sﬁ-lo (5 0-GCGTTTCTGG-
GTGGGCCCCCGAGGCCGAAGCAGAACCACGGACAGCC–30),
Plasmid pMac5-8FSP served as the template for the cutinase gene [17].
S. marcescens lipase: Primers Sermar-LipA-Sﬁ-up (5 0-GTCCTCGC-
AACTGCGGCCCAGCCGGCCATGGGCATCTTTAGCTATAA–30)
and Sermar-LipA-Sﬁ-lo (5 0-GCGTTTCTGGGTGGGCCCCCGAG-
GCCGAGGCCAACACCACCTGATCGG–30), plasmid pVSlipA
served as the template for the S. marcescens lipase gene.
2.3. Lipase assays
Escherichia coli cells containing the respective expression plasmids
were grown until the cultures reached an absorbance at 600 nm of
0.5. Gene expression was induced by addition of 1 mM IPTG for
60 min. Cells were centrifuged, washed in PBS buﬀer, and the cell den-
sity was adjusted to an absorbance at 600 nm of 0.4. For determination
of enzyme activities in whole cell lysates, washed cells were disrupted
by ultrasonic treatment. Lipase activity corresponding to 1 ml of cell
culture was determined by measuring the amount of p-nitrophenol
released from the substrate p-nitrophenylcaprylate as previously
described [18].
2.4. Fluorescence staining of E. coli cells
Fluorescence staining of E. coli with a mouse monoclonal anti-E
antibody, biotinylated anti-mouse IG antibody and streptavidin,
R-phycoerythrin conjugate was performed essentially as described
[19]. 300 000 events were collected on a Cytomation MoFlo cell sorter
as described [19].
Fig. 2. Tributyrin agar plates showing (1) E. coli 71–18 (pEst100), (2)
E. coli 71–18 (pBBX+) producing active EstA, (3) E. coli 71–18
(pEst100-BSLipA) producing B. subtilis lipase LipA, (4) E. coli 71–18
(pEst100-SMLip) producing S. marcescens lipase, (5) E. coli 71–18
(pEst100-FSCut) producing F. solani pisi cutinase. Overnight cultures
of the respective strain were spotted onto tributyrin plates (5 ll)
containing 1 mM IPTG. Plates were incubated at 37 C overnight
followed by an incubation at RT for another 24 h.
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3.1. Expression vector pEst100
Plasmid pEst100 contains the est A gene under control of the
Plac promoter (Fig. 1B). Eﬃcient translocation of EstA
through the E. coli cytoplasmic membrane was achieved by
replacing the native EstA signal sequence with that of E. coli
alkaline phosphatase. Additionally, a coding sequence for a
43 residue peptide was introduced at the junction of the signal
sequence and mature EstA. This segment is ﬂanked by SﬁI
restriction sites which produce non-complementary overhang-
ing DNA ends upon cleavage and therefore allow the facili-
tated introduction of target genes ﬂanked by corresponding
SﬁI sites. The enzymatically inactive variant EstA* was con-
structed by changing the active site residue serine 38 [12] into
alanine. As expected, E. coli 71–18 containing pEst100 did
not display any esterase activity, even upon induction of gene
expression by addition of IPTG (data not shown).
3.2. Expression of EstA* fusion proteins
Three diﬀerent tripartite gene fusions were constructed to
investigate whether lipases can be functionally expressed in
E. coli as fusions to EstA*. These fusions consisted of the cod-
ing sequence for the alkaline phosphatase signal peptide, the
coding sequences for lipases from B. subtilis [20] and S. marces-
cens [21], the cutinase from F. solani pisi [22], respectively and
EstA* (Table 1). Furthermore, the coding sequence for an 13
residue E-epitope [19] was introduced between the passenger
enzyme and EstA*. A schematic outline of the fusion protein
and its membrane localization is shown in Fig. 1A.
The functional expression of the respective passenger do-
main was tested by spotting E. coli 71–18 cells containing the
respective expression plasmid onto tributyrin agar plates [14].
All three passenger proteins were enzymatically active as
indicated by the formation of clear halos around the colonies
(Fig. 2) upon overnight incubation at 37 C and further incu-
bation for one day at room temperature. No halo was formed
by E. coli 71–18 (pEst100) which served as a negative control
containing only a short peptide as a passenger.
3.3. Surface exposition of passenger domains
The cellular localization of the respective fusion proteins was
investigated by immunoﬂuorescence staining using an anti
E-antibody. Analysis by ﬂuorescence-activated cell sorting
(FACS) clearly demonstrated that the E-epitope could be de-
tected for all fusion constructs showing that it was accessible
to the anti-E antibody which indicates its exposition on the
bacterial cell surface (Fig. 3). Notably, even the 62 kDa pas-
senger domain of S. marcescens lipase which is nearly as largeTable 1
Plasmids used in this study
Plasmids Relevant gene product
pET22lipA B. subtilis LipA
pMac5-8FSP F. solani pisi cutinase
PVSlipA S. marcescens lipase
pBBX+ P. aeruginosa EstA
pEst100 EstA*
pEst100-BSLipA EstA*-Bacillus subtilis LipA fusion protein
pEst100-FSCut EstA*-F. solani pisi cutinase fusion protein
pEst100-SMLip EstA*-S. marcescens lipase fusion proteinas the EstA* carrier itself was found to be surface exposed,
albeit with an approximately 8-fold reduced yield as compared
to EstA* itself (Fig. 3F).
The extracellular location could be directly tested for the fu-
sion of EstA* with the lipase LipA from B. subtilis by immu-
noﬂuorescence staining with an anti-LipA antibody. To this
end, E. coli strains 71–18 (pEst100-BSLipA) and BL21
(DE3) (pEt22lipA) which encodes the B. subtilis lipase LipA
accumulating in the periplasm [20], were immunoﬂuorescently
stained with an anti-LipA antibody. Only the LipA fused to
EstA* could be detected on the cell surface whereas cells
expressing solely LipA remained unstained (data not shown).
3.4. Hydrolase activity of lipase-displaying cells
Whole cells producing the three surface-exposed lipases dis-
played esterase activity, which indicated that all enzymes were
produced in an enzymatically active form (Fig. 4). S. marces-
cens LipA showed an 8-fold lower net surface accumulation
as compared to EstA* (Fig. 3F) corresponding to the reduced
enzyme activity of intact cells displaying S. marcescens lipase.
Interestingly, lysed cells of E. coli 71–18 (pEst100-SMLip) dis-
played an approximately 4-fold higher enzyme activity as com-
pared to intact cells. This indicates that a substantial fraction
of S. marcescens lipase may remain trapped intracellularlyProtein size (aa) Reference or source
181 [28]
214 [17]
613 Unpublished
622 [12]
686 This study
830 This study
863 This study
1261 This study
Fig. 3. FACS analysis of EstA\-mediated cell surface display of passenger proteins. FACS histograms of E. coli 71–18 harboring no plasmid (A),
pEst100 (B), pEst100-BSLipA (C), pEst100-FSCut (D) pEst100-SMLip (E). Induced cells were successively incubated with anti-E-tag antibody,
biotinylated anti-mouse IG antibody, and streptavidin–R-phycoerythrin conjugate and analysed by FACS. The peak ﬂuorescence channel of the 5
labeled strains, which corresponds to the number of surface-exposed molecules per cell, is given in (F).
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total lipase activity of cell surface exposed and intracellularly
expressed lipases devoid of a membrane anchoring domain
reached similar levels (data not shown). In addition, lipase
activity of F. solani pisi cutinase and B. subtilis LipA was
detected in the culture supernatant (Fig. 4) which may be the
result of partial cell lysis or and/or proteolytic cleavage of
the respective enzyme oﬀ the cell surface. Accordingly, viability
was compromised for cells expressing B. subtilis LipA (15%
surviving cells compared to control cells) and F. solani pisi
cutinase (30%) while viability was only slightly aﬀected (60%)
upon expression of S. marcescens lipase. If required, cell viabil-Fig. 4. Lipolytic activity of E. coli strains harbouring various
expression plasmids (Table 1) that lead to the expression of EstA,
EstA*-B. subtilis LipA fusion protein (EstA*-BSLipA), EstA*-F.
solani pisi cutinase fusion protein (EstA*-FSCut) or EstA*-S. marces-
cens lipase fusion protein (EstA*–SMLip), respectively. Black bars:
whole cells, light grey bars: cell lysate, dark grey bars: cell culture
supernatant. S.D. was determined from three independent measure-
ments.ity can be adjusted to more tolerable levels by regulation of
gene expression (data not shown), e.g., at the level of transla-
tion as described for fusions to the E. coli outer membrane
protein intimin [19].4. Discussion
This report describes the display of three lipolytic enzymes
to the surface of E. coli cells which was successfully achieved
by fusion to EstA*, an inactive variant of the P. aeruginosa
autotransporter EstA. Our experimental data clearly indicate
that (i) EstA* can serve as a translocator through the outer
membrane for diﬀerent lipase passenger domains and (ii) en-
zyme activities of these passengers are retained upon exposure
on the bacterial cell surface.
The esterase EstA of P. aeruginosa is a member of the auto-
transporter family of proteins which use the type Va secretion
pathway in Gram-negative bacteria [23]. In contrast to most of
the presently known autotransporters the passenger domain of
EstA is not cleaved oﬀ, instead, it remains anchored to the bac-
terial outer membrane [12]. Furthermore, EstA is correctly
localized in the outer membrane also in the heterologous host
E. coli [12] making this protein a promising candidate for cell-
surface display of enzymes. We have constructed plasmids for
the expression of EstA*-passenger fusion proteins in E. coli,
where the respective passenger domain is tagged with a ﬂank-
ing epitope. This allowed us to monitor the cellular location of
the respective fusion proteins by immunoﬂuorescence staining.
All fusion proteins displayed immunoﬂuorescence staining of
the epitope peptide located at the junction of the passenger do-
main and EstA* thereby conﬁrming that all passenger enzymes
were indeed displayed on the bacterial cell surface.
Several successful attempts have been described to engineer
autotransporter proteins for outer membrane translocation
and cell surface exposure of foreign passenger proteins. In all
previous approaches, the autotransporter has been engineered
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ologous passenger polypeptide, as exempliﬁed by the cell sur-
face display of cholera toxin B subunit [24], a protease
inhibitor of the squash family [25], or sorbitol dehydrogenase
[26]. The strategy that was chosen here for surface-anchoring
of members of the esterase enzyme family diﬀers from previous
approaches with respect to the fact that we have decided to
keep the original EstA extracellular domain in place to which
the passenger domain is fused. This results in comparably large
fusion proteins, where two extracellular domains, namely the
EstA esterase domain and the heterologous lipase passenger
are fused in tandem. As a result, the aminoterminal passenger
is exposed on top of full length EstA which may help in trans-
port and to place the passenger on the cell surface remote from
the lipopolysacharide layer.
Diﬀerent levels of net cell surface accumulation were de-
tected for the three passenger enzymes we have studied. While
surface accumulation of B. subtilis LipA and F. solarium pisi
cutinase was only slightly reduced, net accumulation of S. mar-
cescens lipase was lowest as compared to EstA*. What is the
reason for the observed diﬀerences of passenger protein ex-
port? The passenger domains used in this study largely varied
in amino acid chain length ranging from 43 residues for the
EstA* construct in pEST100 to 613 residues for S. marcescens
lipase in pEST100-SMLip. Notably, the extracellular portion
of the EstA*SMLipA construct (Mr 104 000) is in the size
range of mature IgA1 protease from Neisseria gonorrhoeae
(Mr 106,000) which is one of the largest passenger proteins
known to be exported by autotransporters [27]. Diﬀerences
in the eﬃciencies of lipase surface display may be due to diﬀer-
ent sizes of the passenger proteins and/or diﬀerences in the
folding kinetics, folded structure or conformational stability
of the respective passenger when fused to the EstA* transloca-
tor domain. More experiments will be required to investigate
whether the fraction of non-exposed S. marcescens lipase mol-
ecules consists of full length fusion proteins or of lipase mole-
cules released from the fusion by proteolytic cleavage.
In conclusion, the EstA* autotransporter can accommodate
passenger domains of nearly its own size while still maintaining
correct transport and surface localization. It leads to accumu-
lation of esterases on the surface of E. coli cells, which may be-
come useful whole cell biocatalysts with lipolytic activity. In
addition, we have recently performed a model experiment
where we could enrich E. coli cells displaying functional EstA
from a 1:106 background of lipase deﬁcient cells by only two
rounds of magnetic cell sorting (S. Becker et al., manuscript
in preparation) which indicates that the expression system de-
scribed here may become a valuable tool for high throughput
screening of large libraries of lipase variants for desired new
functionalities.
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